We are so far involved in the development of complete decomposition of organic wastes as well as volatile organic compounds (VOCs) by the use of thermally activated holes in titanium oxide (TiO 2 ) at high temperatures of about 350-500 C. In this study, we intend to replace TiO 2 with -Fe 2 O 3 (red hematite) in order to lower the operation temperature and also to electrically characterize -Fe 2 O 3 on the basis of the temperature dependence of electrical conductivity and Seebeck potential. Powdered -Fe 2 O 3 is found to exhibit a higher electrical conductivity at 500
Introduction
The emission of volatile organic compounds (VOCs) causes nowadays serious environmental issues such as photochemical oxidants, sick-house syndrome, and photochemical smog. 1) Printing and painting industries occupy roughly 50% of the total VOC emission and these are made up of mostly small and medium-sized enterprises. One of the most common facilities for VOC removal is the direct combustion that burns VOC in a furnace at about 750-1000 C. 2) Although this equipment relies still on the classical technology, it is stable, versatile, and quite reliable. However, the apparatus is huge and thus requires a large space for installation as well as high costs. For this reason, only large enterprises can profit from this technology. On the other hand, some new technologies have lately emerged which are based on photocatalyst, 3) plasma, 4) ozone, 5, 6) and bio treatment. 7) However, these are characterized in common by poor VOC decomposition ability. Therefore, these technologies hardly satisfy the requirements of small and medium-sized enterprises.
In view of the present situation, we have initiated our investigation on complete removal of VOC and organic wastes by means of thermally exited holes in TiO 2 at about 350-500 C, in an attempt to construct a small but highperformance equipment with low cost. [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] The use of thermally activated holes for removal of VOC and organic wastes is an entirely new technology initiated by us in 2001. 8) The present technology uses the formation of a large number of highly oxidative holes caused by thermal excitation of semiconductors. Lasers, transistors, and diodes are representative applications of semiconductors. However, ours is the application that utilizes semiconductive properties at high temperatures.
The availability of a large number of holes at high temperature in semiconductors will be explained in the following way. The number of charge carriers in semiconductors, for example, in TiO 2 , is shown by the product of the Fermi-Dirac distribution function and the density of states.
21) The number of carriers estimated by above calculation at room temperature (RT) and 350 C (n RT ¼ n 0 exp½ÀE g =2k B T RT and n 623K ¼ n 0 exp½ÀE g =2k B T 623K , respectively) gives a ratio of n 623K =n RT % 8:8 Â 10
13 where
is the band gap of TiO 2 of the rutile phase. This number has approximately been confirmed in our experiment using single crystals of TiO 2 of the rutile phase. 10) Figure 1 shows an example of the complete decomposition of polycarbonate (PC) used as the substrate for optical discs.
10) The initial process of decomposition is the capture of bonded electrons to form cation radicals in PC by thermally exited holes, followed by their propagation through the substance to break large molecules into fragments. This results in the complete decomposition of PC into H 2 O and CO 2 . The thermal activation described above has two important functions: one is to create a vast number of holes at high temperatures, and the other is to fragment a giant molecule into small pieces through radical splitting at high temperatures, so that the fragment can easily react with oxygen to yield H 2 O and CO 2 .
The operation temperature of VOC decomposition is closely correlated to the band gap of semiconductor materials. Since our system operates at high temperatures in an oxygen atmosphere, mainly oxide semiconductors come into consideration, as those of In the present investigation, we have focused our attention on -Fe 2 O 3 (i.e. -hematite) as a potential candidate to lower the operation temperature of VOC decomposition, since it is * Graduate Student, Yokohama National University inexpensive and non-toxic and also out of the category of rare metals. -Fe 2 O 3 has been used as an inorganic red pigment called ''bengala'' for thousand years and its -form is a famous ferromagnetic material used widely for magnetic recording systems.
First, we will present below the temperature dependence of electrical conductivity and Seebeck potential in order to show that a large number of charge carriers are formed as compared with those at room temperature. After that, we will show the result of VOC decomposition in powdered -Fe 2 O 3 as well as in -Fe 2 O 3 -fixed honeycomb-systems.
Experimental Procedure

Materials
-Fe 2 O 3 powder (specific surface: 4.10 m 2 /g) was obtained from Toda Kogyo Corporation. Sintered tablets ofFe 2 O 3 (18 mm in diameter and 5 mm in height) were purchased from Yamanaka Semiconductor. A silver paste of SG-8400S was purchased from Sumitomo Metal Mining Co., Ltd. Cordierite honeycomb substrates with 100 cpsi (cells per square inch) were purchased from KYOCERA Corporation. Acetone of guaranteed grade was obtained from Junsei Chemical Co., Ltd. Nitrocellulose of RS-60
Measurements of the electrical conductivity and the
Seebeck potential Ag electrodes were prepared on the top and bottom of the sintered tablet of -Fe 2 O 3 by coating with Ag paste, followed by heat treatment at 800 C in air for 15 min. This sample was used for both measurements of the temperature dependences of electrical conductivity and Seebeck potential. Figures 2  and 3 show the experimental setups for the electrical conductivity and the Seebeck potential, respectively. The Seebeck method determines the thermoelectric power that appears between the hot and cold ends of a material. 22) If the potential of the hot end is positive, then the dominant charge carriers are electrons. Conversely, if the potential is negative, the dominant charge carriers are holes. It is important to bear in mind that the difference in number between electrons and holes determines the sign of Seebeck potential.
2.3 Fixation of -Fe 2 O 3 powders onto cordierite honeycomb substrates A particular suspension described in our previous report 23) was used for the dip coating of powdered -Fe 2 O 3 onto a honeycomb substrate. The suspension comprises a ketonic solvent, a minute amount of nitrocellulose as the dispersant or surface active agent, and -Fe 2 O 3 powders. 10 g ofFe 2 O 3 powders was dried at 200 C for 1 h to eliminate water moisture. The powder was then suspended in 100 ml of acetone solution containing 0.3 g of nitrocellulose. The suspension was conditioned in the presence of zirconia balls (0.4 mm diameter) using a 5410 single-arm paint shaker (Red Devil Equipment Co.) for 30 min. After that, a honeycomb unit (100 mm Â 100 mm Â 30 mm) was dipped in the suspension for 1 min. Then, the -Fe 2 O 3 -coated honeycombunit was dried at 200 C for 30 min. During this process, the nitrocellulose was completely removed due to its thermal decomposition around 180 C. Figure 4 shows the schematic representation of the equipment for VOC decomposition with -Fe 2 O 3 powders. This system evaluates the decomposition ability of catalyticFe 2 O 3 powders. 1 g of -Fe 2 O 3 powder was charged in a pyrex glass tube (19 mm in diameter) heated by an external furnace. Toluene was used as the representative VOC for the decomposition experiment. The toluene concentration was about 1 vol% (10000 ppm) and the air was used as the carrier gas at a flow rate of 0.1 l/min. The outlet gas was analyzed as a function of temperature by means of a GC-2014 gas chromatograph (Shimadzu Corporation). 2.4.2 Evaluation of the catalyst system for practical implementation -Function-separated catalyst-unit and its assembly for the catalyst systemWe have constructed a function-separated catalyst-unit as shown in Fig. 5(a) for practical implementation in mind. The stainless-steel box called the ''catalyst unit'' comprises a heating chamber based on a Ni-Cr wire (0.5 mm in diameter: 500 W) and an -Fe 2 O 3 -coated honeycomb-substrate (100 Â 100 mm 2 with 30 mm in thickness). We fixed a spiral Ni-Cr wire on cuboid insulators attached to the bridge-girders in the catalyst unit: whereas one -Fe 2 O 3 -coated honeycombsubstrate was placed directly above the heat element. This is the standard catalyst unit designated by unit A as shown in the catalyst system in Fig. 5(b) . Aside from unit A, there are two additional components composed of only two pieces of -Fe 2 O 3 -coated honeycomb-substrates (unit B) and of only two pieces of heat elements (unit C) shown in Fig. 5(b) . In the present experiment, units A, B, and C are stacked as shown in Fig. 5(b) . The inlet gas is introduced from the bottom and pre-heated with unit C and then decomposed through the succeeding honeycomb-units heated at about 500 C. Figure 5 (b) also illustrates the equipment for measurements of VOC decomposition.
Experiment
About 2000 ppm toluene diluted with air was introduced into the reactor at a flow rate of 10 l/min. The outlet gas was analyzed as a function of temperature by means of a GC-2014 gas chromatograph (Shimadzu Corporation). Figure 6 shows the Arrhenius plot (log vs 1=kT) of the electrical conductivity of sintered -Fe 2 O 3 in the temperature range between RT and 500 C. The electrical conductivity decreases in the temperature range between 70 and 150 C and reaches the minimum at 150 C. This is caused by the decrease in carrier mobility due to the phonon scattering. As the temperature is increased from 150 to 500 C, one can see that the electrical conductivity increases linearly with an activation energy of 1:68 Â 10 À19 J (1.05 eV). Note that the conductivity at 500 C is higher than that of RT by about three orders of magnitude and by six orders of magnitude as compared with that at about 150 C. Figure 7 shows the Seebeck potential of sintered -Fe 2 O 3 measured in the temperature range between RT and 500 C. -Fe 2 O 3 exhibits a negative potential in the range between RT and 380 C, indicating that the dominant charge carriers are holes. By contrast, -Fe 2 O 3 exhibits a positive potential above 380 C, indicating that the dominant charge carriers have been changed to electrons. However, this does not mean that the carriers are only electrons or holes as stated in section 2.2.
The above results (that a large number of charge carriers are formed at 500 C and the predominant carriers are mostly holes) motivated us to test whether the decomposition reaction of toluene proceeds continuously with -Fe 2 O 3 .
Thermal color-change from red to black
The red color of -Fe 2 O 3 has been changed to black when powdered -Fe 2 O 3 was heated in air above 380 C (Fig. 8) , as reported previously by Yamanoi et al. 25) The vivid red color recovered when the powder was cooled down to RT. The present color-change suggests that a new absorption band in the red region has been generated at high temperatures. Similar thermal color-change or thermal bleaching was also observed in NiO 1þx 17, 19) and Cr 2 O 3þx 18, 20) and interpreted by the collapse of the V center (i.e. hole-trapped color-center) 21) in non-stoichiometric semiconductors. It should also be noted that the present color-change takes place when the toluene decomposition starts to occur, just as in the case of NiO 1þx and Cr 2 O 3þx . Details on this subject remains still unclarified at the moment.
Complete decomposition of toluene in powdered -
Fe 2 O 3 Decomposition experiments of toluene (10000 ppm) in powdered -Fe 2 O 3 were carried out in air at a flow rate of 0.1 l/min (Fig. 4) , using powdered TiO 2 (ST-01 from ISK) as the reference. Figure 9 shows the decomposition characteristics of toluene for powdered -Fe 2 O 3 and TiO 2 as a function of temperature. Toluene decomposition in powdered -Fe 2 O 3 occurs at about 380 C (i.e. thermal color-change) and is completed at 450
C. The present behavior, especially abrupt decomposition characteristic, is very similar to that of NiO 1þx 17, 19) and Cr 2 O 3þx . 18, 20) On the other hand, the decomposition in powdered TiO 2 is quite different. The onset of toluene decomposition takes place at about 100 C; whereas the decomposition is incomplete even at 500 C. It is also important to note that -Fe 2 O 3 exhibits a better decomposition performance than TiO 2 , although the specific surface of -Fe 2 O 3 is only about 4.10 m 2 /g and is nearly two orders of magnitude smaller than that of TiO 2 .
An important question then arises why the decomposition characteristic is so different between powdered TiO 2 andFe 2 O 3 . The characteristic feature of the lower onset temperature as well as the gradual decomposition in powdered TiO 2 can presumably be correlated with the difference in specific surface, where the surface reaction proceeds more efficiently in large specific surface than in small one. On the other hand, the fact that the decomposition is incomplete in TiO 2 even at 500 C can possibly be attributed to the reduced number of free electrons and holes at this temperature due to their recombination at lattice defects on the surface. The recombination probability increases with increasing specific surface as well as increasing number of thermally excited electrons and holes. (Fig. 5(b) ) were carried out in air at a flow rate of 10 l/min. Figure 10 shows the decomposition characteristics of toluene with -Fe 2 O 3 as a function of temperature, using the catalyst system with TiO 2 as the reference. The onset temperature with -Fe 2 O 3 was about 380 C and then the decomposition was completed at 500 C. On the other hand, TiO 2 exhibits a lower onset temperature as compared with that of -Fe 2 O 3 . However, here again, TiO 2 cannot completely decompose toluene even at 500 C, as in the case of powdered TiO 2 (Fig. 9) . In this sense, -Fe 2 O 3 is considered to be a better material for VOC decomposition.
Conclusions
(1) The temperature dependence of electrical conductivity shows that the electrical conductivity of sinteredFe 2 O 3 at 500 C is three orders of magnitude higher than that of RT. In addition, the dominant charge carriers are found to be holes in the range between RT and 380 C, while electrons above 380 C according to the Seebeck measurement.
(2) The color-change from red to black occurs in -Fe 2 O 3 around 380 C when the dominant charge carrier changes from holes to electrons and also when the toluene decomposition starts to occur. The mechanism of the red color and its color-change is presumably correlated with the V center in -Fe 2 O 3 . However, details on this subject remain unclarified. (3) In the powder system, toluene decomposition starts at about 380 C and is completed at about 450 C. No complete decomposition of toluene was achieved in powdered TiO 2 even at 500 C. The -Fe 2 O 3 -coated catalyst-system exhibits a similar performance to that of the powdered system. The TiO 2 system shows again incomplete toluene even at 500 C. This leads us to conclude that -Fe 2 O 3 is a better material for VOC decomposition than TiO 2 . 
